INTRODUCTION
Liquefaction of sandy soils under monotonic and cyclic loading conditions is considered to be one of the major causes of failure of earth structures and foundations. Field observations from failures due to liquefaction have shown that both clean sands and sands containingˆnes (particles with diameter less than 75 mm) are susceptible to liquefaction. Semi-empiricalˆeld-based procedures for evaluating the liquefaction potential during earthquakes are based on correlations betweenˆeld behaviour and in-situ index tests, such as standard penetration test (SPT), cone penetration test (CPT), Becker penetration test (BPT) and shear wave velocity (V s). Seed et al. (1985) proposed the oldest and perhaps the most widely used procedure in which the cyclic stress ratio, CSR＝tav/s? o, is correlated with the SPT blow counts, corrected for both eŠective overburden stress and energy, (N1)60, for clean sands and silty sands withˆnes content greater than 5z and earthquake magnitude, M＝7.5. According to this correlation, the presence ofˆnes in silty sands increases their liquefaction resistance and consequently decreases the potential of liquefaction development. This beneˆcial eŠect ofˆnes on the liquefaction resistance of silty sands has been also adopted in all modern codes, (NCEER, 1997 and Eurocode 8) and may be explained by considering empirical correlations between the relative density, Dr, and N value of the SPT, which also account for the grain size eŠects on the penetration resistance of sandy soils. Skempton (1986) found that the normalized (N1)60/Dr 2 value increases with increasing grain size (or D50), which implies that for a given (N1)60 value, Dr increases with decreasing D50 value (or increasingˆnes content). Cubrinovski and Ishihara (2002) used the void ratio range, emax-emin to quantify the eŠect of grading properties on the SPT resistance. They found that the normalized (N1)60/Dr 2 value decreases with increasing emax-emin. As emax-emin increases with increasinĝ nes content, the aboveˆnding similarly indicates that for a given value of (N1)60, Dr increases as theˆnes content increases.
In laboratory, although numerous studies have been performed in order to investigate the eŠect ofˆnes content on the liquefaction resistance ratio of silty sands, the results appear to be con‰icting. Ishihara (1996) and Amini and Qi (2000), among others, found that the liquefaction resistance ratio increases with increasingˆnes content (positive eŠect), and others like Troncoso and Verdugo (1985) , Vaid (1994) and Miura et al. (1995) suggested that the liquefaction resistance ratio decreases with in- Yang et al. (2004) found that there is an increase of liquefaction resistance ratio with increasingˆnes content up to a certain value and a decrease thereafter with further increasingˆnes content. Theˆnes content at which the eŠect of nes changes from positive to negative has been termed as threshold, or limiting, or transitional.
The critical state, deˆned as the state at which the soil continues to deform at constant shear stress and constant void ratio, has increasingly been used as a fundamental state to characterize the strength and deformation properties of sands in limit equilibrium (Casagrande, 1936; Roscoe et al., 1958; Schoˆeld and Wroth, 1968) . At this state, there is a unique relationship among void ratio, ecs, mean eŠective stress, p? cs, and shear strength, qcs, expressed by the critical state line, CSL, in the void ratio versus mean eŠective stress plane. According to the critical state concept, the behaviour of a sand depends not only on density, but also on stress level. The true state of a sand is described by the location of its current state of stress and volume relative to the critical state line. When the state of a sand is above the critical state line, the sand has the tendency to contract upon shearing, whereas when its state is below the critical state line, it has a tendency to dilate. Various normalized parameters have been proposed to characterize the diŠerence between the actual state and the critical state line. Been and JeŠeries (1985) have quantiˆed the distance of the current state from the critical state line by means of a state parameter, c, which is the diŠerence in void ratios between the current state and the critical state line at the current mean eŠective stress, p? cs, Fig. 1 .
Recently, in an attempt to re-evaluate the eŠect of overburden stress considered in the semi-empiricalˆeld-based procedures, such as SPT and CPT tests, the liquefaction resistance ratio of clean sands during both monotonic and cyclic loading has been correlated with the state parameter (Pillai and Muhunthan, 2001; Boulanger, 2003; Idriss and Boulanger, 2004) . The extension of the above stated correlation from clean sands to sands containingˆnes would be both useful and of great interest.
The purpose of the work presented in this paper isˆrst to clarify the eŠect ofˆnes content, fc, on the critical state line and the liquefaction resistance characteristics of silty sands and then to investigate whether the liquefaction resistance ratio of these soils can be related to their critical state.
TESTED MATERIALS
The materials used in the testing programme were artiˆcial sand-silt mixtures and natural silty sands.
Sand-silt mixtures were made from a clean quartz sand (M31) with well-rounded grains and a non-plastic silt, a ground product of natural quartz deposits from Assyros in Greece. Samples were prepared by mixing the sand (S) with the silt (F) at percentages of 5, 10, 15, 25, 35, 40 and 60z of the total dry mass of the mixture (noted as SF5, SF10, SF15, SF25, SF35, SF40 and SF60 respectively). Tests were also conducted on specimens of clean sand and pure silt.
Two natural silty sands (D äuzce-1, D äuzce-2) were retrieved from liqueˆed sites in D äuzce, Turkey, during the 1999 earthquake of magnitude M w ＝7.1 and the other was retrieved from the foundation of the Rimnio embankment bridge in Greece, which failed during the 1995 Kozani earthquake of magnitude Ms＝6.6 (Tika and Pitilakis, 1999).
The physical properties and grain size distributions of the tested materials are presented in Table 1 and Fig. 2 , respectively.
Although the ASTM (D 4253 and D 4254) test methods for the determination of minimum and maximum void ratios are applicable to soils that may contain up to 15z, by dry mass, of soil particles passing the No. 200 (75-mm) sieve, provided they have cohesionless characteristics, both these methods were used in this work in conjunction with others in order to get a consistent value. In particular, for the determination of the minimum void ratio both the vibratory table (ASTM D 4253, method 2A) and the standard proctor test methods were used. The maximum void ratio was determined in accordance with the Figure 3 shows the minimum and maximum void ratios of the tested materials. As shown in the above Figure for the sand-silt mixtures, the minimum void ratio is obtained at aˆnes content between 25z and 35z.
TESTING EQUIPMENT AND EXPERIMENTAL PROCEDURE
The testing programme consisted of monotonic and cyclic triaxial tests for the determination of the critical state line and the liquefaction resistance ratio of the tested materials respectively. Both types of tests were performed using a closed-loop automatic cyclic triaxial apparatus (MTS Systems Corporation, U.S.A.). Its principles of operation are given in detail in Papadopoulou (2008) .
The specimens (height/diameter §100 mm/50 mm) were formed by moist tamping at a water content varying between 4z and 12z for all the tested materials and 35z only for the silt specimens, using the undercompaction method, introduced by Ladd (1978) . Moist tamping was preferred to other preparation methods, as it produces specimens of varying densities (Verdugo and Ishihara, 1996) . Saturation was achieved by percolating throughout the specimen, from the bottom to the top drainage line,ˆrst carbon dioxide gas (CO2) for 20 minutes and then de-aired water. A suction pressure of 15 kPa was applied while dismantling the specimen, measuring its dimensions and assembling the triaxial cell. In order to ensure full saturation, a series of steps of simultaneous increasing cell pressure and back pressure were performed, while maintaining an eŠective conˆning stress of 15 kPa. In all the tests, aˆnal back pressure of 500 kPa was found to be su‹cient, as the parameter of pore water pressure, B＝Du/Ds, did not increase by further increasing back pressure. In all the tests the parameter B had values from 0.95 to 1.00. No correction of the results was made for membrane penetration, because of the uncertainties, associated with such a correction and so the raw test results are presented here. After the completion of saturation, the specimens were isotropically consolidated under an eŠective isotropic stress, s? o, ranging from 50 to 300 kPa. A period of time equal to double the consolidation time of the specimens was allowed before shearing. During consolidation the volume change and the axial displacement of the specimens were recorded in order to calculate the post consolidation void ratio. In the monotonic tests, the specimens were subjected to either undrained (CU), or drained (CD) compression at a constant rate of axial displacement of 0.05 mm/min.
In the cyclic triaxial tests, a sinusoidally varying axial stress (±sd) was applied at a frequency of f＝0.1 Hz, under undrained conditions. In this work, cyclic stress ratio, CSR＝s d /2s? o , corresponds to double amplitude axial strain, eDA §5z and liquefaction resistance or cyclic resistance ratio, CRR15, is deˆned as the cyclic stress ratio, CSR＝sd/2s? o, required to cause double amplitude axial strain, eDA §5z at 15 cycles of loading.
TEST RESULTS AND DISCUSSION
Several studies have considered sands containingˆnes as consisting of two matrices, the sand grains matrix and theˆnes matrix, and analysed their behaviour in terms of the interaction with each other (Vaid, 1994 The intergranular void ratio, eg, expresses the relative contribution of sand fraction on the behaviour of the mixture and is given by the following equation (Mitchell, 1975) :
where VFINES is the volume of theˆnes, VV is the volume of voids, V SAND is the volume of sand grains, f c is theˆnes content, w is the water content of the specimen, GSF is the speciˆc gravity of theˆnes and GSG is the speciˆc gravity of sand grains. For saturated specimens (Sr＝100z) and considering that GSF §GSG, the intergranular void ratio after the consolidation of the specimen is expressed as follows:
where e c is the void ratio of the mixture after consolidation. For mixtures with highˆnes contents, when the sand grains become isolated (VSAND may be ignored), the interne void ratio, ef, may be a more appropriate parameter to be used (Thevanayagam and Mohan, 2000) :
Similarly, for saturated specimens (Sr＝100z) and considering that GSF §GSG, the interˆne void ratio after the consolidation of the specimen is expressed as follows: Figure 4 presents the variation of both eg and ef with the void ratio of mixtures at various fc values. In the following the results for the critical state and the liquefaction resistance characteristics of the tested soils are presented and then discussed.
Sand-silt Mixtures Critical State
In the monotonic undrained tests it was considered that the onset of critical state conditions corresponds to the points where the shear and the mean eŠective stresses, as well as the pore water pressure, remained practically constant with axial strain. In the conducted tests, these points corresponded to strains ranging from 7z to 42z, depending on the type of behaviour (contractive, contractive/dilative, dilative), the type of material and the density. Figure 5 shows typical results from the undrained tests in which contractive, contractive/dilative and dilative behaviour of specimens was observed. In the drained tests it was considered that critical state conditions had been reached at axial strains exceeding 30z, where the rate of change of both shear stress and volumetric strain decreased considerably or ceased. Figure 6 presents the results from the drained tests. For all tested mixtures, the CSLs in the q-p? cs plane are represented by straight lines passing through the origin: where Mcs is an intrinsic constant for each mixture, Table  2 . An analytical description of the monotonic tests has been presented by Papadopoulou (2008) . Figure 7 shows the CSLs in the e-p? cs of the sand-silt mixtures, as well as the sand and the silt. As shown in the above Figure, for each soil both the undrained and the drained tests produce a unique CSL. At small mean eŠec-tive stresses, below 300 kPa approximately, the CSLs are nearly parallel and have a small inclination. With increasing mean eŠective stress level, however, they steepen and converge at stresses above 1000 kPa. Grading analyses were performed on the initial materials, as used in the tests and after the tests. No particle breakage was indicated both for the sand and the sand-silt mixtures. As also shown in Fig. 7 , the CSLs move downwards with increasing fc up to a threshold value, fcth, of 35z, and then upwards. The CSLs at fc values of 35z and 40z are very close, and the CSLs of the sand and the silt practically coincide. The variation of ecs with fc, at an eŠective stress of s? o ＝100 kPa, which is presented in Fig. 3 , conˆrms the fcth value of 35z.
The CSLs of the sand-silt mixtures in terms of eg or ef, are shown in Fig. 8 . As shown in thisˆgure, in this case the CSLs move upwards with increasing fc up to the fcth of 35z, and then downwards This may be attributed to the increasing values of eg as the increasing presence of silt loosens the structure of the sand-silt mixture. At fc values greater than the fcth＝35z, the presence of silt starts to Liquefaction Resistance Figure 9 shows the variation of CSR with number of cycles at various fc values. At a given number of cycles a decrease of CSR with increasing s? o from 50 kPa to 300 kPa is observed for fc values up to 15z. Although, results at s? o ＝50 kPa and higher fc values are not available, Figs. 9(c), (d) and (e) show that the eŠect of s? o on the CSR diminishes as fc increases. The eŠect of fc on CSR at constant void ratio and s? o is shown in Fig. 10 . At a given number of cycles, CSRˆrst decreases with increasing fc up to a threshold value of 35z and increases thereafter with further increasing fc.
The eŠect of both s? o and void ratio on the CRR15 is shown in Fig. 11 . A decrease of CRR15 with increasing void ratio at a given s? o is observed for each tested mixture. The variation of the CRR15 with fc is shown in Fig.   12 at s? o ＝100 and 300 kPa. The results in Figs. 11 and 12 show that once CRR15 reaches a minimum at a threshold nes content, it remains relatively constant thereafter irrespectively of fc, unless the latter is increased signiˆcantly. The thresholdˆnes content is about 35z and 25z at s? o ＝100 and 300 kPa respectively. The threshold nes content at s? o ＝100 kPa is identical to the fcth value, determined from the monotonic tests, as described previously and shown in Figs. 3 and 7 . Figure 13 shows the variation of CRR15 with either eg ( fcÃ35z), or ef ( fcÀ35z) at a constant value of s? o. For each tested mixture, it is shown that CRR15 decreases with increasing eg or ef value. However, at a given eg value, CRR15 increases with increasing fc up to the fcth＝35z, (positive eŠect). At higher fc values ( fcÀ35z), a decrease of CRR15 with increasing fc is indicated at a given ef value (negative eŠect). This may be attributed to the fact that at a constant value of eg, the void ratio of the mixtures decreases with increasing fc and thus they become strong- (Fig. 4(a) ). On the contrary, at a constant value of ef, the void ratio of the mixtures increases with increasing f c above the fcth value and they become weaker (Fig. 4(b) ). The positive eŠect of non-plasticˆnes on CRR15 in terms of eg is similar to that considered in the correlation between CSR and (N1)60, in the SPT based procedure. As noted previously, a given value of (N 1 ) 60 , corresponds to greater relative densities values, as fc increases, and therefore to greater values of CRR15. Similarly, for a given value of eg, an increase in fc corresponds to an increase in relative density and so in increased values of CRR15 (Fig.  4) .
The Threshold Fines Content in Relation to Particle Packing
As stated above, a change of the eŠect ofˆnes on both the monotonic and cyclic behaviour of the tested mixtures was observed at fcth. This change of the eŠect of nes on the behaviour of mixtures can be explained by considering the alteration of their structure with increasing fc. As fc increases from zero,ˆnes enter the void spaces between the sand grains, which are in full contact with each other. This holds up to the fc at which the void spaces are completelyˆlled withˆnes, and results in an increase of the density of the mixture, without however any active participation ofˆnes in the transfer of interparticle contact stresses. With further increasing fc, the sand grains start to separate, as they are pushed slightly apart by theˆnes, which start occupying also locations between the sand grains and participating in the transfer of interparticle contact stresses. This is the reason why a decrease of ecs and CRR15 with increasing fc at a given value of void ratio, is observed. This continues until the fcth, at which the volume ofˆnes is so great that sand grains are displaced far apart from each other and they loose contact. The behaviour ofˆnes now controls the behaviour of the mixture, which becomes unstable. As fc increases beyond fcth the sand grains become totally isolated and theˆnes matrix becomes stronger due to the increasing development of contacts betweenˆnes particles which can now transfer larger interparticle contact stresses. This pattern of behaviour explains why for fcÀfcth an increase of ecs and CRR15 with increasing fc at a given value of void ratio, is observed. Table 3 summarizes previous laboratory investigations into the eŠect of fc, either on the critical state, or on the cyclic behaviour of sand-silt mixtures in which fcth was determined experimentally. According to them, fcth varies from 35z to 50z. So far, there have been no studies on how to estimate fcth on a theoretical basis. Considering the packing of single size spherical sand particles with diameter, D, at a separation distance, s, a relationship be- 
where b＝1.910, 1.654 and 1.350 for the loosest (cubic), average (triangular) and densest (tetrahedral) packing of spherical grains. The separation distance represents the thickness of the layer ofˆnes, which can be inserted between the spherical sand grains and indicates the probability of a failure zone forming without the interference of sand grains. When mixing spherical particles of two diŠerent sizes, the separation distance of the large size particles must be n times the diameter of the small particles, that is:
where D and d are the diameters of the large and small size particles respectively.
The formation of a shear zone at critical state would re- (2), (6) and (7), the following expression of f c as a function of diameter ratio, d/D, and void ratio can be obtained: Figure 15 shows the variation of fc with the diameter ratio, d/D, for the average (triangular) packing, n＝1, 2 and 3 and void ratio values of 0.450, 0.650 and 0.760, as well as the fcth values, determined by the investigations summarized in Table 3 . In Table 3 also the values of the parameter n, denoted as nth, for which the fc values obtained from Eq. (8), matched the fcth determined by the investigations, are presented. The mean diameter ratio, d50/D50 and the same void ratio of the mixtures, as reported in the studies, were used to estimate fcth. For all the sand-silt mixtures, summarized in Table 3 , the values of the nth parameter range from 1.15 to 2.30. The above results show that the f cth depends mainly on the void ratio of the mixtures, on the mean diameter ratio, d50/D50, as well as the mineralogy and the particle shape characteristics, as expressed by sphericity, angularity and roughness. Feldspar and mica minerals, encountered in many natural silty sands (cases 1-3 and 5-6 in Table 3 , nth＝1.15-2.30), have platy shape and their presence facilitates the formation of a shear zone at smaller separation distances between the spherical particles (smaller n values), as compared with quartz sands with equidimensional particles, (cases 4 and 7 in Table 3 , nth＝1.60-2.30).
It should be noted, however, that the grading of natural silty sands is in‰uenced by several other factors in addition to those considered above for binary packing and artiˆcial sand-silt mixtures. Natural sands have practically an inˆnite number of particle diameters with varying shape characteristics and may also contain very small particles whose behaviour is dictated by the interacting surface forces.
Relationship between State Parameter and Liquefaction Resistance Ratio
The value of CRR15 of the tested sand-silt mixtures is related to the state parameter, c, in Fig. 16 . For each tested mixture, a decrease of CRR15 with increasing value of c is observed, due to increasing contractiveness of the soil. The test results also indicate that for dilative behaviour (cº0) and low eŠective stresses (s? o ＝50 kPa), the presence ofˆnes up to 25z increases CRR15 for a given c. This may be attributed to the fact that for fc up to 25z besides sand, silt particles also participate in transferring or sustaining the imposed stresses. However, this contribution of silt particles diminishes progressively with increasing s? o and at s? o ＝300 kPa no apparent eŠect of fc on the relation between CRR15 and c is observed for the tested mixtures. There are also indications that for contractive behaviour (cÀ0), at s? o values equal or greater than 100 kPa, there is a lower bound value of CRR15 of the Table 2 .
The variation of their CRR15 with both void ratio and eg is shown in Fig. 18 . The coincidence of CRR15 versus void ratio relations between D äuzce-1 and the sand-silt mixture with fc＝15z and also between D äuzce-2 and Rimnio can be explained by the fact that the soils in both cases had similar values of emin and emax, Table 1 and Fig.  3 . Coincidence in the CRR15 versus eg relation is observed only between D äuzce-1 and the sand-silt mixture with fc＝ 15z, since both soils have also similar fc values.
The relationship between CRR15 and c for natural soils is shown in Fig. 19 together with the corresponding results for the sand-silt mixtures with similar fc values. A good agreement is observed between the results from D äuzce-1 and the corresponding from the sand-silt mixture with fc＝15z, as these soils have both similar emin and emax and fc values. The agreement of the results between D äuzce-2 and the corresponding from the sand-silt mixture with fc＝25z at cÀ0 may be regarded as accidental, since these soils have diŠerent physical properties (emin, emax and gradation). For Rimnio silty sand higher values of CRR15 at a given value of c were determined than the corresponding for the sand-silt mixtures with fc＝35z and 40z. This diŠerence may be attributed to diŠerences in gradation, mineralogy, and particle shape characteristics.
CONCLUSIONS
The following conclusions can be drawn from the test results on the sand-silt mixtures:
Drained and undrained monotonic tests produce a unique CSL for each tested mixture. However, the location of the CSL is diŠerent for each mixture. At low stresses, the CSLs are nearly parallel and have a small inclination. With increasing mean eŠective stress level, however, they steepen and converge at stresses above 1000 kPa. The CSLs move downwards with increasing f c up to a threshold value, fcth of 35z, and then upwards. When eg or ef is considered, the CSLs move upwards with increasing fc up to 35z and then downwards.
Liquefaction resistance ratio decreases with increasing s? o at a given either void ratio, or e g (or e f ) void ratio. The eŠect of s? o on CRR15 diminishes with increasing fc. At constant void ratio, CRR15 decreases with increasing fc up to a fcth and increases thereafter with further increasing fc. For the tested sand-silt mixtures the fcth is 35z at s? o ＝100 kPa and is the same, as that determined from the CSLs. The results also indicate that the fcth reduces with increasing s? o. At constant eg, CRR15 increases with increasing fc up to fcth (positive eŠect). This positive eŠect ofˆnes on CRR15 in terms of eg is in agreement with that suggested by the semi-empirical procedures in codes of practice, when evaluating liquefaction potential during earthquakes.
The value of fcth is an important parameter, determining the transition from the sand-dominated to the siltdominated behaviour of the mixtures. It is shown that the fcth of sand-silt mixtures is related to their particle packing. Equation (8) has been proposed for the estimation of fcth, as a function of the void ratio of the mixture, the mean diameter ratio, d50/D50, and the separation distance of the sand grains which is equal to nth times the diameter of silt particles with nth＝1.15-2.30. The comparison of the fcth values, predicted by the above equation and the corresponding determined experimentally by this and previous studies, also highlights the in‰uence of other parameters on fcth such as gradation, mineralogy and particles shape characteristics of the mixtures, which, however, are not considered in the semi-empiricalˆeld based procedures for the behaviour of natural silty sands.
The relation between CRR15 and c depends on both s? o and fc. There are indications that the eŠect of fc diminishes with increasing s? o, i.e., at s? o ＝300 kPa these relations coincide for all mixtures, independently of fc and also that for contractive behaviour (cÀ0) there is a lower bound value for CRR 15 of the order of 0.09 to 0.12 for the tested mixtures. The behaviour of natural soils is similar to that of artiˆcial mixtures, only when they have similar physical properties, such as gradation, mineralogy and particle characteristics.
It is worth noting, however, that the in-situ relationship between liquefaction resistance ratio and state parameter may be diŠerent from that determined in laboratory due to the eŠects of stress history, structure (fabric and bonding) and ageing.
